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Available online 3 September 2015AbstractVarious methods are available for calculating the TOC of shale reservoirs with logging data, and each method has its unique applicability and
accuracy. So it is especially important to establish a regional experimental calculation model based on a thorough analysis of their applicability.
With the Upper Ordovician Wufeng Fm-Lower Silurian Longmaxi Fm shale reservoirs as an example, TOC calculation models were built by use
of the improved DlgR, bulk density, natural gamma spectroscopy, multi-fitting and volume model methods respectively, considering the previous
research results and the geologic features of the area. These models were compared based on the core data. Finally, the bulk density method was
selected as the regional experimental calculation model. Field practices demonstrated that the improved DlgR and natural gamma spectroscopy
methods are poor in accuracy; although the multi-fitting method and bulk density method have relatively high accuracy, the bulk density method
is simpler and wider in application. For further verifying its applicability, the bulk density method was applied to calculate the TOC of shale
reservoirs in several key wells in the Jiaoshiba shale gas field, Sichuan Basin, and the calculation accuracy was clarified with the measured data
of core samples, showing that the coincidence rate of logging-based TOC calculation is up to 90.5%e91.0%.
© 2015 Sichuan Petroleum Administration. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Currently, the methods proposed in domestic and foreign
literature to estimate total organic carbon (TOC ) content with
different well logging responses include: ① the natural
gamma spectroscopy method, which uses the approximate
linear relationship between uranium content and TOC to es-
timate TOC;② the gamma intensity method, which uses total
gamma intensity to estimate TOC;③ the bulk density method,
which estimates TOC by finding out the empirical relationship
between bulk density and TOC; and ④ the DlgR method,* Found Project: National Key Science & Technology Project “Shale Gas
Resource Evaluation and Regional Selection in Upper Yangtze and Dian
(Yunnan)-Qian (Guizhou)-Gui (Guangxi)” (No.14B12XQ151001).
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2352-8540/© 2015 Sichuan Petroleum Administration. Production and hosting by
(http://creativecommons.org/licenses/by-nc-nd/4.0/).which estimates TOC by overlapping porosity and resistivity.
Based on the previous researches, the authors have established
multiple TOC logging calculation models by considering the
geology of Jiaoshiba shale gas reservoir in the Sichuan Basin,
and used core data to compare the accuracy and screen these
TOC calculation models. Finally, the empirical TOC calcula-
tion model for the Jiaoshiba gas field was defined.2. Geology
Jiaoshiba area in Fuling city is located at the junction of
multiple structural units including Shizhu synclinorium,
Fangdoushan anticlinorium, and Wanxian synclinorium in the
southern barrier fold belt of eastern Sichuan Basin. Two
groups of faults (in NE and NW directions) are mainly
developed in this area due to the multi-period tectonic
movements of Xuefengshan and Dabashan [1e3]. TheElsevier B.V. This is an open access article under the CC BY-NC-ND license
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anticline with weak deformation, where the Upper Ordovician
Wufeng and the Lower Silurian Longmaxi shale gas reservoirs
are mainly composed of black carbonaceous shale rocks with
occasional thin silty mudstone interlayer, argillaceous siltstone
or siltstone lenses, and a carbonaceous bioclast shale lime-
stone layer or lime mudstone layer containing carbon bioclast.
These shale gas reservoirs are rich in graptolite, radiolarian
and other fossils, pyrite thin layers, strips or small lenses, and
a lot of scattering pyrite grains, and horizontal bedding. And
the sedimentary environment is dominated by deep-water shelf
subfacies deposits with occasional low-density turbidity and
carbonate debris flow.
3. TOC calculation methods3.1. The improved DlgR methodThe DlgR technology is deduced and experimentally veri-
fied by EXXON/ESSO Corporation. The acoustic time in
Cartesian coordinate system and resistivity in Cartesian-log-
arithmic coordinate system are superimposed at pre-given
superimposed factor in non-shale position, which is used as a
baseline. After the determination of baseline, the spacing be-
tween two curves in logarithmic coordinate system of re-
sistivity is DlgR.
Based on the DlgR method, the baseline of resistivity and
acoustic time is determined according to Jiaoshiba shale gas
reservoir properties, and the density curve is also introduced.
The improved DlgR expression can be written as:
TOC ¼ ðlgRþK AC aDEN þ bÞ  102:2970:168 8LOM
ð1Þ
Where, TOC is total organic carbon content; R is well logging
resistivity, U$m; AC is well logging acoustic time, ms/ft
(1 ft ¼ 0.3048 m, the same below); DEN is well logging
density, g/cm3; LOM is thermal alteration index, which can be
worked out by relationship chart between TOC and DlgR; K, a
and b are regional empirical factors.
Passey et al. [4] pointed out that the DlgR method is appli-
cable when the LOM ranges from 6.0 to 10.5 (Ro is 0.5%eFig. 1. Relationship between bulk d0.9%). Beyond the range, this method should be used prudently.
Moreover, erroneous results will be gained when this method is
used for “non-Passey” rock beyond the LOM range [5].
According to the Ro of Jiaoshiba shale gas reservoirs (with
Ro from 2.42% to 3.13%, 2.65% on average), there are some
limitations in estimating TOC by DlgR method, and the esti-
mated TOC may be lower than the actual TOC.3.2. Bulk density methodAfter examining the relationship between TOC and for-
mation rock density of carbonaceous shale in the India Assam
Basin, Mallick, Schmoker et al. [5e8] found that there was an
inverse proportion relationship between these two parameters.
Decker et al. [9] proved that there was a linear relationship
between TOC and bulk density, then established the relation-
ship between TOC and bulk density for the Antrim shale, and
reached the conclusion that shale rock density decreases with
the decrease of TOC, and their correlation coefficient was 91%
(Fig. 1a).
The theoretical basis is that the organic matter density
(1.03e1.10 g/cm3) in shale is significantly lower that of sur-
rounding rock matrix (the density of clay skeleton is
2.30e3.10 g/cm3), resulting in lower well logging density of
high-quality shale. For organic-rich, low-porosity and low-
permeability shale, formation rock density varies with the
variation of organic matter abundance [7,8].
The mineralogical analysis of Antrim shale by Decker et al.
[9] shows that pyrite and kerogen are two factors affecting
rock total density (Fig. 2a). It indicates that low-density shale
seems to be controlled by the increasing amount of low-den-
sity organic matter content. The deviating data points may
result from the influence of abnormally high density pyrite,
which is much higher than rock mineral density.
Based on the research of Upper Devonian Antrim shale in
the Michigan Basin, the Eastern United States, a hypothesis is
proposed that, similar to Antrim shale gas reservoir, there is a
certain relationship between TOC and total formation bulk
density of Jiaoshiba shale gas reservoirs. Therefore, it is
possible to work out shale gas reservoir TOC through this
relationship, because the formation bulk density can be
accurately measured by conventional well logging.ensity and TOC concentrations.
Fig. 2. Statistics on shale gas reservoir mineral components and density.
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in Fig. 1b. According to the density of these two data points,
the deviation may result from abnormal high-density pyrite or
abnormal low-density kerogen. In order to confirm this hy-
pothesis, the X-ray diffraction of whole-rock data and TOC of
Well Y1 in the Jiaoshiba gas field were analyzed. Fig. 2b in-
dicates that high-density pyrite and low-density kerogen are
two important components of minerals in the Wufeng-Long-
maxi shale.
In field exploration and development, formation rock den-
sity is usually measured by density well logging. Therefore,
the formula for calculating TOC by density well logging is
written as:
TOC ¼ arþ b ð2Þ
Where, r is well logging density, g/cm3; a and b are regional
empirical factors.
Based on the experiment data of 173 core samples in Well
Y1 of Jiaoshiba gas field (abnormal data points should be
eliminated in the establishment of interpretation model), and
least-square fitting, the empirical factors of marine shale gas
reservoirs in Jiaoshiba calculated are: a ¼ 15.491,
b ¼ 42.708, R ¼ 0.905.3.3. Natural gamma spectroscopy methodPrevious researches show that organic matter abundance
can be estimated by uranium (U) content, and TOC increases
with the decrease of thorium-uranium ratio. Therefore,
monadic regression can be used to obtain TOC calculation
formula by natural gamma ray spectrometry.
The theoretical basis is that shale organic matter is usually
generated in euxinic-reducing environment in which kerogen
is rich of high-radioactive uranium. In addition, with the
deepening of shale color, the uranium content increases and
thorium and potassium content decreases [9e15].
3.3.1. Uranium content calculation
The uranium content in natural gamma spectroscopy is
used to estimate the TOC of shale gas reservoir, and the cor-
responding formula can be written as:TOC ¼ auðUÞ þ b ð3Þ
Where, u(U) is well logging uranium content, 106; a and b
are regional empirical factors.
According to the experiment data of core samples in
Jiaoshiba gas field, least-square fitting is used to gain empir-
ical factors of marine shale gas reservoir in Jiaoshiba gas field:
a ¼ 0.2381, b ¼ 0.2016, R ¼ 0.6722.
3.3.2. Thorium-uranium ratio calculation
The thorium-uranium ratio in natural gamma spectroscopy
is used to calculate the TOC of shale gas reservoir, and the
corresponding formula can be written as:
TOC ¼ aRTh=Uþ b ð4Þ
Where, RTh/U is thorium-uranium ratio; a and b are regional
empirical factors.
According to the experiment data of core samples in
Jiaoshiba gas field, least-square fitting is used to gain empir-
ical factors of marine shale gas reservoir in Jiaoshiba gas field:
a ¼ 0.8996, b ¼ 4.2214, R ¼ 0.6387.
3.3.3. Uranium-potassium ratio calculation
The uranium-potassium ratio in natural gamma spectros-
copy is used to calculate the TOC of shale gas reservoir, and
the corresponding formula can be written as:
TOC ¼ aRU=Kþ b ð5Þ
Where, RU/K is uranium-potassium ratio; a and b are regional
empirical factors.
According to the experiment data of core samples in
Jiaoshiba gas field, least-square fitting is used to gain empir-
ical factors of marine shale gas reservoir in Jiaoshiba gas field:
a ¼ 0.4662, b ¼ 0.881, R ¼ 0.6863.
3.3.4. Calculation of difference between uranium content
and uranium-potassium ratio
Prophase researches show that there is a good correlation
between core-tested TOC and the difference of uranium con-
tent and uranium-potassium ratio. The relationship between
mud shale TOC and u(U)-RU/K in natural gamma spectroscopy
can be written as:
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Where, u(U) is uranium content; RU/K is thorium-uranium
ratio; a and b are regional empirical factors.
According to the experiment data of core samples in
Jiaoshiba gas field, least-square fitting is used to gain empir-
ical factors of marine shale gas reservoir in Jiaoshiba gas field:
a ¼ 0.2069, b ¼ 0.8739, R ¼ 0.6898.
The single-factor model established by using natural
gamma spectroscopy can be used to calculate marine mud
shale formation TOC quickly. However, the correlation coef-
ficient R ranging from 0.6387 to 0.6898, is less than 0.8, and
cannot meet the requirement of well logging interpretation
precision (Fig. 3).3.4. Multivariate fitting methodThe correlation between core-tested TOC of Well Y1 in
Wufeng-Longmaxi of Jiaoshiba gas field and 11 conventional
well logging curves was analyzed and the corresponding
correlation coefficients of each well logging curve are listed in
Table 1. Table 1 shows that core tested TOC and density have
the best correlation, and are followed by the correlation be-
tween core tested TOC and uranium.
The above-mentioned analysis indicates that there are
positive or negative, good or poor correlations between
different well logging and core tested TOC. Regression
modeling is used to establish linear multivariate fitting model
for Jiaoshiba area:
TOC ¼ auðUÞ þ brþ c ð7ÞFig. 3. Relationship between natural gamma specWhere, u(U) is uranium content, 106; r is well logging
density, g/cm3; a, b and c are regional empirical factors.
According to the experiment data of core samples in
Jiaoshiba gas field, least-square fitting is used to get empirical
factors of marine shale gas reservoir in Jiaoshiba gas field:
a ¼ 0.049, b ¼ 13.373, c ¼ 36.735, R ¼ 0.865.
The multi-factor model established by using multivariate
fitting can be easily used to calculate marine mud shale for-
mation TOC. The correlation coefficient R ¼ 0.865, meeting
the requirement of well logging interpretation precision
(Fig. 3). However, at the same interpretation precision, the
application of density method is more convenient than that of
multi-factor model and less well logging curves are involved.3.5. Volume model methodIn addition to the above-mentioned classical methods, by
consulting shale oil well logging and according to the actual
situation of shale gas reservoir in Jiaoshiba, the rock volume
model method is also used to tentatively calculate shale gas
reservoir TOC.
Shale gas reservoirs usually contain a large amount of
organic matter, namely kerogen [16e20]. Non-shale gas res-
ervoirs also contain organic matter, generally low in content.
In clay-dominated shale, the particles of skeleton are mainly
layered clay minerals, and solid organic matter mainly occurs
in two modes, dispersed organic matter, and organic matter
enrichment layers. Organic matter mixes with clay minerals
rather than fill in the pores between them.Therefore, under the
prerequisite of not undermining interpretation precision, a well
logging interpretation rock volume model is established based
on the simplification and analysis of experiment data (Fig. 4a).troscopy and core-tested TOC concentrations.
Table 1
Correlation coefficients of well logging and core tested TOC concentrations.
Well logging Correlation coefficient Well logging Correlation coefficient
GR 0.4181 U 0.6722
KTH 0.5103 TH 0.4588
AC 0.2932 K 0.4931
DEN 0.8594 lgRD 0.0430
CNL 0.4792 lgRS 0.0372
PE 0.4991
Table 2
Conversion factor K value.
Stage Sapropelic kerogen Mixed kerogen Humic kerogen
Diagenesis 1.25 1.34 1.48
End of catagenesis 1.20 1.19 1.18
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the shale gas reservoir into skeleton and pore. Rock skeleton is
composed of clay mineral, brittle mineral and kerogen. Clay
mineral mainly consists of illite-montmorillonite layers and
illites. Chlorite and kaolinite are neglected due to very low
content. Brittle mineral are mainly composed of siliceous
minerals and carbonate minerals. Pyrite and hematite are
incorporated into siliceous mineral in the well logging rock
volume model due to very low content. Pores mainly contain
free hydrocarbon and water. Therefore, the shale gas reservoir
rock volume model in this region is simplified as a “5-element
volume model”:
VsiliceousþVcarbonateþVclay þVkerogenþVpore ¼ 1
Different components of shale gas reservoir correspond to
different well logging responses due to property difference,
and well logging reflects the collective properties of the rock
[21e23]. Rock density drop could be the effect of porosity,
organic matter or clay mineral, so the 3-component variations
cannot be distinguished by this well logging curve alone,
another well logging curve must be used in this case. Because
formation uranium content varies with TOC (natural gamma
curve can be taken as reference in the case of no available
uranium well logging curve). In the rock with same rock
composition and similar mineral composition, well logging
uranium content keeps constant and well logging density de-
creases with the increase of pore volume. Well logging ura-
nium content keeps constant and well logging density
increases with the increase of clay content. Well logging
uranium content significantly increases and well logging
density decreases with the increase of TOC.
Therefore, based on the original calculation principles of
shale oil TOC, a rock volume model for calculating TOC is
established by considering Jiaoshiba shale gas reservoirFig. 4. Principle of calculating TOproperties (Fig. 4b). In this rock volume model method, three
extreme points were determined first, that are 100% organic
matter, 100% clay and 100% pure rock skeleton. These three
extreme points correspond to three well logging parameter
pairs. The corresponding calculation method is as follows:
Firstly, rock volume model is used to determine organic
matter volume percentage:
Vker ¼ Drk Drker
DrmaDrker
ð8Þ
Where, Vker is organic matter volume percentage; Drk, Drma
and Drker are densities of calculation point, rock skeleton
point and organic matter extreme point respectively, g/cm3.
Then, the organic matter volume percentage is converted to
organic matter weight percentage (TOC ), and the corre-
sponding formula is written as:
TOC ¼ VkerDrker
Krb
ð9Þ
Where, TOC is organic matter weight percentage; rker, rb are
organic density and bulk density respectively, g/cm3; K is
organic carbon conversion factor, which ranges from 1.25 to
1.57 (Table 2) depending on the organic matter type and rock
diagenesis.3.6. High-precision element capture spectroscopy well
loggingThe above-mentioned interpretive models for calculating
shale gas reservoir TOC are relatively complex, and all need a
number of different well logging data or laboratory experiment
data in application. Meanwhile, different interpretation
methods might come to different results. Currently, Schlum-
berger Litho Scanner (high-precision formation element cap-
ture spectroscopy well logging) can provide independent
measure of TOC. The principle of this well logging technologyC with rock volume method.
Fig. 5. Comparison of TOC calculation results from different methods. (Note: 1 in ¼ 25.4 mm, 1 ft ¼ 0.3048 m).
Table 3
Errors of core and well logging calculation TOC of shale gas reservoirs in Jiaoshiba gas field.
Item Well name Average Average difference Relative error Correlation
coefficient
Total data
point number
Selected data
point number
Calculated by
well logging
Core analysis (Well logging-core
analysis)
(Well logging-core analysis)/
core analysis
TOC Well Y1 2.73% 2.54% 0.19% 7.48% 0.910 173 168
Well Y2 3.09% 2.92% 0.17% 5.82% 0.902 50 48
Well Y3 1.98% 2.12% 0.14% 6.60% 0.959 33 30
Well Y4 3.03% 2.85% 0.18% 6.31% 0.888 59 53
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carbonate mineral in spectroscopy is formation TOC, the
carbon abundance of formation carbonate mineral can be ob-
tained by Litho Scanner precise mineral quantitative analysis.
The TOC measured by high-precision element capture spec-
troscopy well logging is not affected by environment and
reservoirs, and continuous well logging data can be gained on
site. However, high-precision element capture spectroscopy
well logging has not been applied in Jiaoshiba gas field, so the
applicability of this technology still needs to be further proven.
4. Comparison and analysis
The above-mentioned methods have been used to process
Well Y1 logging data in Jiaoshiba gas field (Fig. 5). The re-
sults show that there are better correlations between the TOC
calculated from multivariate fitting, bulk density and volume
model methods and the TOC of core analysis. Bulk density
method, easier to use than the other two, is finally selected as a
regional empirical model to calculate TOC.In order to further verify the universal applicability of the
empirical model, the method was used to finely interpret TOC
of major wells in Jiaoshiba gas field, and core analysis data
were used to perform precision analysis. The results show that
the coincidence rate of well logging TOC ranges from 60.5%
to 91.0% (Table 3).
5. Conclusions
(1) The comparison of calculation results of DlgR, improved
DlgR and natural gamma spectroscopy methods with
laboratory core analysis data show they have poor con-
sistency. DlgR and improved DlgR methods are not
suitable for marine shale gas reservoirs with relative
high Ro. The correlation coefficient of natural gamma
spectroscopy method ranging from 0.6387 to 0.6863,
less than 0.8, cannot meet the requirement of well log-
ging interpretation precision.
(2) Multivariate fitting and bulk density methods can give
interpretation results with high enough precision to meet
161Huang RC et al. / Natural Gas Industry B 2 (2015) 155e161the requirement of well logging interpretation precision.
Of them, bulk density method is much easier to use and
wider in application, because less well logging curves
are involved in this method.
(3) Volume model method is based on rock physical volume
model. The whole interpretation process is independent
of core analysis data, but this method has higher re-
quirements on the interpreter.
(4) Although high-precision element capture spectroscopy
well logging is not affected by environment and reser-
voirs, this well logging technology is expensive and
monopolized by foreign companies. In addition, this
method has not been used in Jiaoshiba gas field, and its
applicability remains to be further proven.
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